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ABSTRACT   
We discussed how to design the typical trip-clad high-order mode fiber (HOMF) profiles to achieve the required 
dispersion properties based on LP02 mode, to compensate all modern transmission fibers, without sacrificing other 
important properties, such as effective area. Finally, HOMF compensating 100km eLEAF○R  fiber has been designed. Its 
dispersion at 1550nm is -1217ps/nm/km, and the relative dispersion slope (RDS) is 0.02nm-1. Only ~345m of HOMF is 
needed to achieve full dispersion and dispersion slope compensation of the span, while maintaining effective area above 
52μm2 over the entire C-band.  
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1. INTRODUCTION  
With strategies for upgrading existing transmission links to achieve long-distance broad-band (S+C+L) >40Gbps 
operation, simultaneous compensation of dispersion and dispersion slope is of increasing significance for all modern 
transmission fibers. Operating around the 1550nm wavelength, standard single-mode fiber (SMF28) typically exhibits 
chromatic dispersion of 17ps/nm/km. How to realize broadband, continuous and full (including slope) compensation 
effectively over the transmission band of wavelengths has become an increasingly important scheme. 
Until recently, fiber-waveguide engineering has enabled dispersion control of optical signals, and that a piece of 
dispersion compensating fiber (DCF) is spliced after the transmission fibers for dispersion compensation is the dominant 
method all over the world. The principle this technology based on is utilizing the negative dispersion of DCFs to 
compensate the positive dispersion of the transmission fibers. DCF technology can be categorized into two groups. One 
is the preferred commercially deployed scheme based on fundamental mode (LP01) propagating dispersion compensation 
[1]. In general, due to relatively lower negative dispersion offered by DCF based on LP01 mode propagating, we need 
much long DCF in practical application, thereby increasing the insertion loss. Moreover, conventional DCF solutions for 
high relative dispersion slope (RDS, defined as the ratio of dispersion slope to dispersion) fibers result in propagation 
through small effective area fibers, which can potentially cause nonlinear distortions in the signal. Therefore, another 
DCF scheme based on high-order modes (HOM) propagating has been pointed out by C. D. Poole and coworkers [2-3], 
subsequently more and more investigations. Motivated by the high negative dispersion and effective area of this so-
called high-order mode fibers (HOMFs), both several times larger than conventional DCFs, advantageously less length 
HOMF is needed when dispersion compensating, as well as increasing the threshold for nonlinear effects. Furthermore, 
the HOMF profile itself is quite standard and easily manufactured. However, since such HOMF usually includes double 
even trip claddings in the index profile, the relation between the characteristics of HOMF and the parameters of HOMF 
is complicated, and detailed calculation, analysis and discussion of the characteristics of HOMF with various parameters 
are lacked in literatures to our knowledge. To get better understanding of the influence of the fiber parameters on the 
specifications of HOMF, we simulate the propagation characteristics of HOMF; the results are useful for the design and 
manufacture of HOMF.  
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2. HOMF REFRACTIVE INDEX PROFILE DESIGN AND DISPERSION 
CHARACTERISTICS 
Both the relative refractive indices and dimensions of the HOMF profile are the critical factors that determine the 
characteristics of fibers [4-5]. Fig. 1 shows a typical trip-clad HOMF used for dispersion compensation. The profile 
includes an inner core region with high relative refractive index n1, a depressed index region with index n2, an outer core 
region with index n3, and a SiO2 cladding with index nCl. The relative (to the cladding) index differences Δi of the zones 
can be defined as 
( ) ( )3,2,1=−=Δ innn ClClii                                                                (1) 
where nCl is the refractive index of outer SiO2 cladding, and ni is the refractive index of each zone except outer cladding. 
In the calculation we use the commercial numerical software APSS produced by the Apollo Photonics company in 
Canada, which is based on the full vector finite-difference time-domain (FDTD) method, to simulate change of the 
HOMF characteristics with the change of the parameters of index profile. In APSS, the chromatic dispersion, dispersion 
slope and effective area of the fibers are defined respectively as follow 
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where λ is the free-space wavelength of light, c is the velocity of light in the vacuum, neff is the mode effective index, 
and E is the modal field pattern. The operating wavelength in the following discussion is over the 1500~1600nm except 
special explanation. 
 
Figure 1. Index profile of a HOMF, where nCl is the refractive index of outer SiO2 cladding, ni (i=1, 2, 3) is the 
refractive index of each region, a, b, and c is the radius of each region, respectively. 
2.1 The Relation between the Relative Index Difference of the Inner Core Region and the Dispersion 
Characteristics  
Fig. 2 shows the relations between the relative index difference of the inner core region (Δ1) and the corresponding LP02 
mode dispersion (D), dispersion slope (S) and effective area (Aeff), respectively. 
As shown in Fig. 2, increasing Δ1 shifts the LP02 mode dispersion curve to longer wavelengths, along with decreasing the 
depth of the dispersion minimum, while it also shifts the dispersion slope curve to longer wavelengths, with the 
maximum and the minimum of the curve slightly close to the dispersion slope value of zero. With Δ1 increasing, the LP02 
mode effective area curve shift to longer wavelengths along the wavelength axis. 
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2.2 The Relation between the Radius of the Inner Core Region and the Dispersion Characteristics 
Fig. 3 shows the relations between the radius of the inner core region (a) and D, S and Aeff, respectively. 
The LP02 mode dispersion characteristics of this HOMF are very susceptible to scaling the radius of inner core region, as 
illustrated in Fig. 3. Similar to increasing Δ1, expanding the radius of inner core region shifts the dispersion curve to 
longer wavelengths, and decreases the depth of the dispersion minimum. However, shifting the same wavelengths, the 
more obvious decrease in the depth by expanding the radius than by increasing Δ1 can be observed, thus, the same effect 
on the dispersion slope. But the effective area curve relatively slowly shifts to longer wavelengths by increasing a. 
 
(1) 
 
(2) 
 
(3) 
Figure 2. The relations between Δ1 and (1) D, (2) S and (3) Aeff of LP02 mode, respectively, where Δ1 = 1.90% ~ 2.10%, 
a = 3.86μm, b = 8.0μm, c = 15.0μm, Δ2 = -0.06%, Δ3 = 0.30%. 
 
 
(1) 
 
(2) 
 
(3) 
Figure 3. The relations between a and (1) D, (2) S and (3) Aeff of LP02 mode, respectively, where a = 3.80 ~ 3.88μm, b = 
8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30%. 
2.3 The Relation between the Relative Index Difference of the Depressed Index Region and the Dispersion 
Characteristics 
Fig. 4 shows the relations between the relative index difference of the depressed index region (Δ2) and D, S and Aeff, 
respectively. 
As shown in Fig. 4, the LP02 mode dispersion of this HOMF is very susceptible to Δ2. Decreasing Δ2 shifts the dispersion 
curve to shorter wavelengths, companying with the depth of the dispersion minimum sharply increasing. When Δ2 equals 
to -0.24%, the minimum of the negative dispersion can reach ~-2600ps/nm/km. It also shifts the dispersion slope curve 
to shorter wavelengths, with the maximum and the minimum of the curve away from the dispersion slope value of zero. 
A reduction in Δ2 leads to the LP02 mode effective area curve shifting to shorter wavelengths along the wavelength axis. 
2.4 The Relation between the Radius of the Depressed Index Region and the Dispersion Characteristics 
Fig. 5 shows the relations between the radius of the depressed index region (b) and D, S and Aeff, respectively. 
The LP02 mode dispersion characteristics of this HOMF are less susceptible to scaling the radius of depressed index 
region than scaling the radius of inner core region. Expanding the radius of depressed index region shifts the dispersion 
curve to longer wavelengths, and increases the depth of the dispersion minimum. Thus, the deeper the dispersion curve, 
the higher the achievable slope for a given dispersion, and the higher the RDS. With increasing b, the effective area 
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value over the shorter wavelengths slightly decreases, along with increasing over the longer ones, which results in rising 
edge steeper. 
 
(1) 
 
(2) 
 
(3) 
Figure 4. The relations between Δ2 and (1) D, (2) S and (3) Aeff of LP02 mode, respectively, where Δ2 = 0.00% ~ -0.24%, a = 
3.86μm, b = 8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ3 = 0.30%. 
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(3) 
Figure 5. The relations between b and (1) D, (2) S and (3) Aeff of LP02 mode, respectively, where b = 7.0 ~ 9.0μm, a = 
3.86μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30%. 
2.5 The Relation between the Relative Index Difference of the Outer Core Region and the Dispersion 
Characteristics 
Fig. 6 shows the relations between the relative index difference of the outer core region (Δ3) and D, S and Aeff, 
respectively. 
As shown in Fig. 6, increasing Δ3 shifts the dispersion curve to shorter wavelengths, companying with the depth of the 
dispersion minimum increasing. It also shifts the dispersion slope curve to shorter wavelengths, with the maximum and 
the minimum of the curve away from the dispersion slope value of zero. With Δ3 increasing, the LP02 mode effective area 
curve shift to shorter wavelengths along the wavelength axis. This basically means altering Δ3 can achieve the opposite 
effect on dispersion characteristics, as opposed to altering Δ1. 
2.6 The Relation between the Radius of the Outer Core Region and the Dispersion Characteristics 
Fig. 7 shows the relations between the radius of the outer core region (c) and D, S and Aeff, respectively. 
The LP02 mode dispersion characteristics of this HOMF are least susceptible to scaling the radius of outer core region 
than scaling the radius of the other two regions. Expanding the radius of outer core region shifts the dispersion curve to 
shorter wavelengths, and increases the depth of the dispersion minimum. It also shifts the dispersion slope curve to 
shorter wavelengths, with the maximum and the minimum of the curve away from the dispersion slope value of zero. 
With increasing c, the effective area value over the shorter wavelengths is almost unchanged, but increasing over the 
longer ones, which results in rising edge steeper. 
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Figure 6. The relations between Δ3 and (1) D, (2) S and (3) Aeff of LP02 mode, respectively, where Δ3 = 0.26% ~ 0.34%, a = 
3.86μm, b = 8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06%. 
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(2) 
 
(3) 
Figure 7. The relations between c and (1) D, (2) S and (3) Aeff of LP02 mode, respectively, where c = 14.0 ~ 18.0μm, a = 
3.86μm, b = 8.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30%. 
3. TYPICAL DESIGN PARAMETERS OF HOMF AND DISCUSSION 
In section 2, we discussed the relations between the HOMF refractive index profile parameters and dispersion 
characteristics over the wavelengths of 1500~1600 nm in detail. As the operating window of commercial fibers is around 
1550 nm today, here, without loss of generality, we analyze the effect on dispersion characteristics at 1550 nm by 
altering each parameter, then optimizing a HOMF profile for a typical dispersion compensation case. 
In recent years, full dispersion and dispersion slope compensation of the broad band is usually considered in the context 
of high channel count WDM systems. Thus, that the RDS of the DCF is nearly the same as that of the transmission fibers 
become more and more important. Figures as follow show the corresponding LP02 mode dispersion (D), relative 
dispersion slope (RDS) and effective area (Aeff), at the wavelength of 1550 nm, of the dependence on the HOMF profile 
parameters.  
  
(1) Δ1 = 1.90% ~ 2.10%, a = 3.86μm, b = 8.0μm, c = 15.0μm, Δ2 = -0.06%, Δ3 = 0.30% 
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(2) a = 3.80 ~ 3.88μm, b = 8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30% 
  
(3) Δ2 = 0.00% ~ -0.24%, a = 3.86μm, b = 8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ3 = 0.30% 
  
(4) b = 7.0 ~ 9.0μm, a = 3.86μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30% 
  
(5) Δ3 = 0.26% ~ 0.34%, a = 3.86μm, b = 8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06% 
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(6) c = 14.0 ~ 18.0μm, a = 3.86μm, b = 8.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30% 
Figure 8. The relations between the HOMF profile parameters and D, RDS and Aeff of LP02 mode, respectively, with the 
wavelength at 1550nm. 
Fig. 8 clearly illustrates the relation between the dispersion characteristics at 1550 nm and the HOMF profile parameters. 
Now, we use the Corning eLEAF○R fiber as a concrete example to show how to design the HOMF to compensate the 
dispersion and dispersion slop of the transmission fiber with large effective area. The dispersion and RDS of the 
eLEAF○R is of 4.2ps/nm/km, and 0.02nm-1 at 1550nm, respectively [4]. Such a high RDS is difficult to achieve using 
conventional DCF without resorting to very low effective area (typically about 15 μm2 [6]), highlighting the advantage 
of HOM-based DCF. It should be stressed, however, that the design principles discussed above equally apply to HOMF 
for any type of transmission fiber. In our case if the  parameters of HOMF are selected as a = 3.86μm, b = 8.0μm, c = 
15.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30%, from Fig. 8 one can obtain the dispersion and RDS of the designed 
HOMF at 1550 nm wavelength can be as large as -1217ps/nm/km and 0.02nm-1, respectively. Moreover, with these 
index profile parameters, the effective area can be maintained larger than 52μm2 in the entire C-band esp. obtained 
86 μm2 at 1550 nm wavelength. Consequently, the HOMF has bigger tolerance for high power transmission. In this 
example, length of the HOMF needed to compensate the dispersion and RDS accumulated by a span of eLEAF○R with 
100-km length is of only ~345m, which is much smaller than the length required by using other type dispersion 
compensating fiber. 
4. CONCLUSION 
This paper investigates the design principles how to optimize the HOMF profile to achieve the required negative 
dispersion, dispersion slope and effective area for the broadband dispersion compensation. We present an example for 
the use of HOMF specially designed to compensate eLEAF○R transmission fiber, where the HOMF profile parameters are 
selected as a = 3.86μm, b = 8.0μm, c = 15.0μm, Δ1 = 2.00%, Δ2 = -0.06%, Δ3 = 0.30%. Then the corresponding LP02 
mode dispersion can be up to -1000ps/nm/km, over ten times larger than the conventional DCF. Meanwhile, the 
dispersion slope can be easily adjusted to match the transmission fibers’ by altering the HOMF profile parameters. 
Furthermore, the corresponding effective area maintains relatively large value, above 52 μm2 over the entire C-band. 
Thus, HOM based dispersion compensators have the potential to be much more immune to optical nonlinear effects, 
which are to be minimized to ensure successful high channel count WDM transmission. The studies provide an important 
basis for optimization of the HOMF profile to achieve advantageous dispersion characteristics. 
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